We investigated the effects of carrier dynamics on the temperature dependence of the photoluminescence (PL) of an InGaAs dots-in-a-well (DWELL) structure. The quantum dots (QDs) were formed by the atomic layer epitaxy (ALE) technique alternately supplying InAs and GaAs sources. It was found from the PL measurements at various temperatures that the DWELL structure was accomplished through the generation process of the intermediate layer between the quantum well (QW) and the QDs during the formation of the QDs inside a QW. The temperature dependence of the PL was fitted well with the thermal quenching equations on the basis of the rate equation model. The rate equations can be explained by the carrier dynamics, which included in the radiative recombination, the carrier thermal escape and the carrier capture process occurring in these three layers, i.e., QW, QD, and the intermediate layer.
I. INTRODUCTION
The requirement for high performance optoelectronic devices has spurred much experimental effort directed toward understanding and exploiting the electronic and optical properties of quantum dots (QDs). [1] [2] [3] [4] [5] [6] In these structures, a strong localization of the electronic wave function leads to the ␦-functionlike density of states and to the possible realization of novel and improved optoelectronic devices. However, in spite of much research and a rapid progress on QDs structure, there are many remaining works in order to realize these excellent devices: such as the formation of defect-free QDs, the selective growth of QDs and the fabrication of room temperature efficient devices.
The one thing out of several researches may be the understanding of the temperature dependence of the photoluminescence (PL) for QDs. Especially, an unusual temperature dependence of the integrated PL intensity in these structure induced many researchers to study the carrier dynamics including the radiative recombination, the carrier thermal escape, the carrier capture, relaxation and retrapping, etc. The general description in terms of the carrier dynamics in these structures is somewhat complicated due to the presence of a wetting layer or the other layers connecting the QDs. In result the suitable model should be introduced on the basis of a simple set of rate equations for explaining the carrier dynamics in these several layers.
In this approach it is possible to estimate the trends of the carrier transfers among the layers consisting of QDs system even though it cannot be obtained the correct numerical values of carrier transfer rates or the information of the energy band structure such as the subband energies. Several research groups reported the carrier dynamics in various QDs' systems using a rate equation model [7] [8] [9] [10] [11] [12] [13] and the steady-state thermal models which consider all the relevant thermalization and quenching processes in QDs. 7, 8 In this work, we studied the carrier dynamics of the InGaAs dots-in-a-well (DWELL) structure including the QDs grown by the atomic layer epitaxy (ALE) technique alternately supplying InAs and GaAs sources. In general, it is advantageous for device applications to position QDs within a quantum well (QW), which is called the DWELL structure. [14] [15] [16] [17] The QW layer aids in capturing of carriers and suppressing of the thermal escapes of carriers at high temperature. By controlling the number of cycles of InAs/ GaAs alternate source supply, we obtained the unique structure that InGaAs quantum well contained the InGaAs QDs and the additional intermediate layer. The rate equation model describing the carrier dynamics involved in the three layers, i.e., QW, QD, and the intermediate layers, was built at a steady state. The experimental data obtained from the temperature dependent PL measurements were fitted well with the thermal quenching equations on the basis of the rate equation model. In addition, the temperature-dependent carrier transfer mechanism was also discussed under some assumptions. Even though the results does not indicate the absolute numerical values, we can obtain the relative values of the carrier transfer rates: the radiative recombination rates, the carrier thermal escape rates and the carrier capture rates in each layer, respectively.
II. EXPERIMENTAL PROCEDURES
The studied sample was grown on n + -GaAs (100) substrate using the ALE technique. The DWELL structure was grown by alternately supplying InAs and GaAs sources on a 5-nm-thick InGaAs layer and covering with another 5-nm InGaAs layer. Growth interruptions were used between the source supply of InAs and GaAs for the enhancement of migration. The InAs and GaAs growth rates were 0.07 and 1 monolayer/s, respectively. The growth sequence is as follows: at first, Si-doped 0.3-m-thick GaAs buffer layer ͑n ϳ 1.2ϫ 10 18 cm −3 ͒ and Si-doped 0.1-m-thick GaAs layer ͑n ϳ 2 ϫ 10 16 cm −3 ͒ were grown at the temperature of 570°C. Then, after the substrate temperature was lowered to 530°C, the subsequent layers were grown: Undoped 20 nm-thick GaAs layer, ALE DWELL and undoped 20 nm-thick GaAs layer. Finally, the 0.3-m-thick GaAs layer ͑n ϳ 2 ϫ 10 16 cm −3 ͒ was capped. The purpose of this specially designed structure is to investigate the capacitancevoltage ͑C-V͒ as well as PL measurements. The result related to C-V characteristics is reported in elsewhere. 18 The PL spectra were measured using an Ar-ion laser with a wavelength of 514.5 nm as an excitation source. The measurement temperatures were varied from 15 to 300 K. A liquid nitrogen cooled InGaAs detector was employed to detect luminescent lights. The real structure of the sample was examined by transmission electron microscopy (TEM).
III. EXPERIMENTAL RESULTS
Figures 1(a) and 1(b) show the PL spectra of the ALE DWELL structure at 300 and 15 K, respectively. The additional PL emissions denoted by the intermediate layer as well as emissions from the QDs and the QW are observed at both temperatures. It is expected that this peak is associated with the intermediate structure between the QW and the QDs rather than the so-called wetting layer in S-K QDs. Actually, it is still unclear whether the wetting layer in the ALE DWELL structures exists or not. However, in the ALE growth of the DWELL structure, the formation mechanism of QDs is different from that produced using the S-K mode. 19 During the formation of the DWELL structure, an intermediate structure of inhomogeneous chemical composition is expected to exist. The additional peak is more conspicuous at 15 K as shown in Fig. 1(b) . Therefore, it can be reasonably assumed that the InGaAs QW coexists unstably with the QDs and the intermediate layer. That is, QDs of optimum size and shape are not yet formed due to the source supply deficit, thus causing premature QDs to coexist with the intermediate layer. If an InAs/ GaAs alternate source supply increases, a normal DWELL structure is formed by the aggregation of In and Ga atoms incorporated into the InGaAs QW layer. 10 cm −2 and 45 nm, respectively. It can be estimated that a distance L between two QDs is about 96 nm and QD diameter 2R is about 45 nm; L is larger than 2R. Thus, we may divide the sample into two parts as shown in Fig. 2(b) . Part 1 includes QDs, while part 2 does not include QDs.
The temperature dependencies of deconvoluted integrated PL intensities are shown in Fig. 3 . As the temperature increases, the integrated PL intensity of QDs shows a typical behavior for the thermal escape of carriers. On the contrary, the temperature dependences of the integrated PL intensities of the intermediate layer and the QW are different from that of QDs. For the intermediate layer, the PL intensity decreases in the temperature range below 50 K and increases rapidly between 50 and 70 K, decreases slightly again until 110 K, and then decrease rapidly for higher temperature than 110 K. For the QW layer, an increase of the integrated PL intensity is shown in the temperature range between 70 and 90 K. These behaviors can be explained by the carrier transfer mechanism among three layers. When the variations of the integrated PL intensity focus on the dependence on the numbers of carriers, it is estimated that QDs have more carriers than the other layers at low temperature. However, the thermally excited carriers out of QDs increase rapidly between 50 and 70 K, and these carriers are expected to transfer into the intermediate layer. The number of these carriers is much more than the thermally excited carriers out of the intermediate layer and carriers captured by QDs left out of the intermediate layer. In the temperature range between 70 and 90 K, the integrated PL intensity of the intermediate layer decreases; the number of the thermally excited carriers from the intermediate layer becomes larger. Coincidently, the integrated PL intensity of QW increases at the same temperature range. However, it is expected that there are more complex carrier dynamics involved in this structure rather than explaining the phenomena by only the number of carriers. It is, thus, required that the exact analysis for the carrier dynamics relating with QW, QDs, and the intermediate layers on the basis of the rate equation model as follows.
IV. RATE EQUATION MODEL
In order to confirm the experimental results, which are the temperature dependencies of the deconvoluted integrated PL intensities, we build a rate equation model describing the carrier transfers among three layers: QW, QD, and the intermediate layer. Our model is based on the quantum system consisting of only one QD, an intermediate layer, and a QW surrounding a QD; only one QD and related layers in part 1 of the sample are considered in this system. Figure 4 shows a schematic band diagram of this quantum system. The model takes into account the following carrier dynamics. First, the radiative recombination is considered for all three layers. This recombination means the radiative band-to-band recombination, and is different from that occurred by the nonradiative recombination centers. We denote the recombination rates of QD, the intermediate layer and QW as r QD , r int , and r QW , respectively. Secondly, as the temperature increases, the thermally excited carriers also increase. The thermal escape of carriers results in the reduction of the integrated PL intensities. As shown in Fig. 4 , the carriers in each layer are thermally excited toward the higher-energy levels at the rates given by where k is the Boltzmann constant, e is the activation energy, namely e QD , e int , and e QW are for the QD, the intermediate layer and the QW layer, respectively. Here, they are defined by the energy difference between the one layer and the next layer. Finally, we should consider a carrier capture process, the transfer of carriers toward lower-energy states. For instance, the carriers injected in the GaAs barrier from an excitation source are captured by the QW with lower energy state and subsequently relaxed into the QW ground state energy level. However, for simplicity it is assumed that the capture process includes the relaxation process in this model. Carrier captures occur in QD, intermediate layer and QW layer at the capture rates c QD , c int , and c QW , respectively. The carrier captures by the nonradiative recombination centers such as defects are neglected. In order to explain the complex phenomena of carrier dynamics, the additional assumptions are adopted and summarized as follows: (i) The carrier generation processes into The rate equations describing the carrier transfers among each layer under the steady state conditions are written as follows:
where n is the number of carriers in each layer. As shown in Fig. 4 and Eqs. (4), (5) , and (6), the carriers in the GaAs barrier are captured by the QW at the rate c QW . And the carriers in the QW layer either recombine radiatively at the rate r QW , or thermally escape to the barrier at the rate u QW exp͓−e QW / kT͔, or captured by the intermediate layer at the rate c int . Similarly, the carriers in the intermediate layer can recombine radiatively at the rate r int , or thermally escape at the rate u int exp͓−e int / kT͔, or captured by QD at the rate c QD . In the same manner, the carriers in QD recombine radiatively at the rate r QD or thermally escape to the intermediate layer at the rate u QD exp͓−e QD / kT͔.
V. CARRIER DYNAMICS AND DISCUSSION
In this section we discuss the temperature-dependent carrier dynamics in the studied sample using the experimental results and the thermal quenching process on the basis of the rate equation model. In Fig. 3 , the temperature dependencies of the integrated PL intensities were discussed with respect to the numbers of carriers in each layer. For more analysis related with the temperature-dependent carrier dynamics, the effect of the temperature-dependent PL intensity on the carrier transfer rates will be focused. We can assume that the integrated PL intensity I QD ͑T͒ of QD is proportional to the PL yield of QD,
. ͑7͒
I QD ͑T͒ can be rearranged to a conventional equation 20, 21 from Eq. (7),
͑8͒
We can fit Eq. (8) to the experimental data and obtain the values of parameters used in Eq. (8) as shown in Fig. 5(a) . The experimental data shown in Fig. 5(a) depend only on the QD density but independent on part 2 (see Fig. 2 ). On the contrary, the PL emissions from part 2 are included in the integrated PL intensities of the intermediate layer and QW. Thus, we should also consider the PL emission from part 2 as well as part 1 in the case of the intermediate layer and QW; we introduce the intensity ratios as below.
In the same manner as QD, the PL intensities of the intermediate layer and the QW can be obtained by QD ,
I int ͑T͒ and I QW ͑T͒ can be deduced from Eqs. 
Several terms, n QD r QD / n int r int , n int r int / n QW r QW and n QD r QD / n QW r QW , shown in Eqs. (10) and (11) are proportional to the intensity ratios. Thus, we can rewrite them as follows: ␣r QD n QD r QD + u QD exp͑− e QD /kT͒ ␥r QW n QW r QW + c int + u QW exp͑− e QW /kT͒ = 3 Ј 1 + n 1 + n 2 exp͑− e 1 /kT͒ 1 + n 3 exp͑− e 2 /kT͒ . ͑14͒
Equations (12), (13) , and (14) can be fitted to experimental data as shown in Fig. 6 . And all the parameters used in Eqs. (11) . For simplification, the sum of the carrier transfer rates in each layer is determined to unity: Namely, r QD + u QD exp͑−e QD / kT͒ =1, r int + u int exp͑−e int / kT͒ + c QD = 1 and r QW + u QW exp͑−e QW / kT͒ + c int = 1. Using these equations and the obtained values of u / r and c / r, the ratios of the carrier transfer rates according to the temperature in all layers can be obtained. Figure 7 shows the integrated PL intensities (symbols) from experiments and the radiative recombination rates (solid lines) in each layer calculated from Eqs. (7)- (14) . The temperature dependencies of the radiative recombination rates in each layer show similar trends to the experimental integrated PL intensities despites of the model simplicity. Figure 8 shows the ratio of the carrier transfer rates for all layers. Solid lines denote the radiative recombination rates. And dashed lines and dotted lines denote the carrier thermal escape rates and the carrier capture rates, respectively. The temperature dependence behaviors for each rate in QD are due to the typical thermal effect. With increasing the temperature, the transfer of thermally excited carriers from QD to the intermediate layer increase rapidly, especially for the temperature range between 30 and 90 K. In the case of the intermediate layer, somewhat complex behavior is shown. The carrier thermal escape rate increases, and then decreases for the temperature higher than 145 K. On the contrary, the carrier capture rate (from the intermediate layer to QD) decreases, and begins to increase at 135 K. The radiative recombination rate is relatively low. The carrier thermal activation energy of QW is larger than that of other layers, thus the carrier thermal escape rate begins to increase at higher temperature of about 120 K. The radiative recombination rate and the carrier capture rate decrease as increasing the temperature. In results, all layers (QW, the intermediate layer, and QD) influence each other, and carriers transfer from one layer to another layer according to temperature. In spite of the simplified results from the complicated carrier dynamics, the experimental results and the calculated results show a good agreement.
VI. CONCLUSION
We presented a rate equation model in order to investigate the carrier dynamics of InGaAs dots-in-a-well (DWELL) structures using the atomic layer epitaxy technique. By controlling the number of cycles of InAs/ GaAs alternate source supply, we obtained the InGaAs quantum well coexisting unstably with InGaAs QDs. That is, during the growth of the DWELL structure, an additional intermediate layer appeared between the QW and the QDs layer. Using the thermal quenching equations on the basis of the rate equation model, the carrier thermal quenching process was discussed in comparison with the experimental data. Conclusively, the carrier dynamics in each layer was interpreted through the simulation of the carrier transfers, such as the radiative recombination, the carrier thermal escape and the carrier capture. 
